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ABSTRACT 
This paper deals with the scheduling of trains so as to minimise train trip times, whilst 
maximising reliability of arrival times. The amount of risk of delay associated with a schedule 
is used as the reliability component of a constrained schedule optimisation model. The paper 
outlines the model developed to quantify the risk of delays to individual trains, as well as to 
specific track segments and to the schedule as a whole. The risk model, which deals with 
single track operations, can be used to estimate the likely impact on reliability of arrival times 
of changes in train frequencies and operating practices; track and station infrastructure 
investment strategies; and train technology upgrading. 
An application of the model to the optimisation of schedules on a track corridor is described. 
The results obtained using the model are compared with the schedules used by train 
operations planning staff, in terms of overall delay and timetable reliability. The results 
highlight the significance of including a measure of timetable reliability, such as risk of 
delays, in the objective function for scheduling optimisation. 
Key words:  Timetables, reliability, rail transport, transit performance, optimisation, branch 
and bound, risk modelling, train scheduling. 
                                                          
1 Senior Lecturer, School of Civil Engineering, Queensland University of Technology. PO 
Box 2434, QLD 4001, Australia. 
 
2 Senior Researcher, School of Mathematics, Queensland University of Technology. PO Box 
2434, QLD 4001, Australia 
 
 
  2 
INTRODUCTION 
 
Efficient train scheduling is designed to achieve a given level of customer service whilst 
minimising overall train operating costs. Customer service in this context is made up of 
several attributes which include overall journey time, punctuality and reliability of arrival 
times. Most of the research into optimisation of train schedules has concentrated on 
minimising some form of  trip cost, expressed either as trip time, or by using train operating 
cost components such as fuel consumption. 
 
The research work reported here combines a model which estimates the level of reliability of 
train arrival times, with an optimal train scheduling technique. The latter has as its objective 
function, the minimisation of train trip times and arrival reliability. Although the models 
presented here are aimed mainly at train operations over single track, the basic principles can 
be applied to multi-track operations, by modifying the reliability estimation procedure and the 
conflict resolution algorithms.  
 
Although most of the productivity and level of customer service improvements have, in the 
past, tended to be achieved through capital spending and/or employee reductions, major gains 
are likely to be more difficult to achieve in the future. Rail system are looking towards 
computer based tools for decision support systems in their operating areas. Such tools, using 
either simulation, optimisation or expert system approaches, have been the subject of 
considerable research. The use of such techniques has been confined to specific operational 
areas, rather than to the optimisation of the system as a whole. Four main operational areas 
have received a great deal of research effort, namely: train scheduling and dispatching; 
scheduling of locomotives; yard/terminal planning; and distribution of empty wagons. 
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Optimal scheduling techniques can be used in a variety of ways within the train planning, 
operations and management contexts.  For example, they can provide an aid to train 
dispatchers in resolving train conflicts under single track operations; and they can also be 
used to plan the introduction of new services, by allowing estimates to be made of the likely 
resultant changes in reliability of train arrivals over the entire timetable. 
 
The following terms are defined at this stage: 
 
- train trip time: the scheduled time for a train to travel from origin to destination (excludes 
delays due to unscheduled events); 
 
- Risk of delay: The probability of a delay multiplied by the likely amount of that delay; 
 
- Conflict delay: The schedule time penalty incurred when a train has to wait at a 
siding/station to allow other train(s) to cross or pass (applies only to single track operations); 
and 
 
- Source delay: the duration of an unexpected event during a train’s journey. 
 
 
The remainder of this section defines risk of delays and highlights its significance in the 
subsequent analysis. The next section provides a brief review of past work undertaken into the 
modelling of train delays and its application to schedule optimisation. A description of the 
train scheduling model, together with  the derivation of the risk of delays, is followed by a 
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series of sensitivity tests to establish the robustness of the results to changes in the input 
parameters. The model is then applied to a single track rail corridor consisting of 14 stations 
and 31 trains per day. Options assessed include changes to the number of sidings available for 
conflict resolution purposes, and increases in the level of train demand. 
 
Risk of Delays 
Journey time reliability is a function of a range of factors, namely: the degree of 'slackness' 
built into the schedule; the number and position of train conflicts; priorities for each train; 
station dwell times; and train speeds are all influencing variables. One measure of reliability 
is the risk of delays to each train. In general terms, this risk is defined as the product of the 
probability of a train being delayed by the amount of that delay. For example, the total 
amount of risk of delay for a train between origin and destination, represents the likely delay 
for the train at its destination averaged over a long period of time. An optimal schedule with 
respect to minimum train trip time alone, will be the most efficient only if there are no 
unexpected delays. Since this is not likely to be the case in practice, a schedule optimised 
with respect to train trip time may have a large amount of risk of delays. 
 
The objective function presented here is minimised with respect to two components, namely: 
train trip times and risk of delays. The risk of delay is analysed by categorising it into three 
components, namely: train, track and terminal/station related risk of delay. Known 
distributions of delays for each of these components can be obtained from historical data. The 
risk of delay to any train is calculated as the probable delay incurred by the train minus the 
expected recoverability from that delay. This is the general structure for each of the risk of 
delay components, although the effect of delay to trains is different for each of the three 
components. 
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The importance of including a measure of schedule reliability in any optimisation function 
can be illustrated by reference to three distinct cases, namely: train dispatching in real-time; 
timetable and resource planning; and track access charges. In the case of train dispatching, the 
objective is to recover from unscheduled events with the minimum of disruption to the 
original schedule. This requires the use of a tool which is able to look ahead and minimise the 
risk of delays to current and future trains, where the trains may have different priorities ( 
weighted delays).  The use of  risk of train delays in rail investment planning is appropriate if 
the investments being assessed are designed to improve reliability of train arrivals. Diverse 
investments can be ranked according to their ability to reduce the risk of delays to individual 
trains and to the schedule as a whole. Finally, such risk minimisation model can be applied to 
quantify the likely impact of additional trains on an existing schedule and hence the resultant 
track access costs related to line congestion.  
 
PAST WORK 
 
There is considerable literature dealing with scheduling trains so as to minimise train trip 
times on single track corridors (Szpigel 1973; Kraft 1987; Jovanovic 1989; Kraay et al. 1991 
and Higgins et al. 1995a). All of these techniques use the branch and bound approach 
(sometimes with a lower bound), so as to determine the optimal schedule. When fast 
computation times to reach a solution are considered more important than finding the optimal 
solution, heuristic techniques have been used (Mills et al. 1991; Kraay 1993; Cai and Goh 
1992; and Kraay et al. 1988) 
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Some research has been undertaken to estimate train delays due to unforeseen events. 
However, such work has either not been applied to a schedule as a whole, or has been too 
complex to be used in an objective function. The risk of delay to a train when it is travelling 
in the same direction as another train which is delayed, was analysed by Carey and Kwicinski 
(1994). The first train is subject to random delay and the risk to the second train is dependent 
on the headway between the two trains. Estimates of the expected trip time of the second train 
are calculated by non-linear regression and heuristic methods. The model is simple but useful 
for determining ideal headways between trains travelling in the same direction. 
 
Chen and Harker (1990) were the first to develop a model to determine the train delay of a 
given schedule whose conflicts have not been resolved. These authors model the probability 
of a train controller delaying a particular train due to a conflict. This probability model is 
based on a historical dispatching behaviour. The actual conflict delay between two trains is 
based on this probability, as well as on the probability of the two trains interfering with each 
other. The resulting model (system of equations) is solved using iterative methods. Hallowell 
(1993) improves upon several of the deficiencies of these two models by allowing trains to 
enter/exit at any point of the track corridor; accounting for an optimal meet/pass process; and 
allowing train priorities to be a function of expected delays. Most of the models are somewhat 
unrealistic for the following reasons: 
 
 
(a) They do not consider the way trains clear after an unforeseen event when 
bottlenecks may occur. Trains will tend to clear in bunches so as to keep the overall 
delay as small as possible; 
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 (b) The sidings are assumed to be equally spaced. This means the models would not 
be very accurate when applied to a track corridor with many short and long track 
segments;      
 
(c) Unforeseen events are treated as part of departure time distributions and track 
delays are not considered explicitly; 
  
(d) The total conflict delay for a particular train is assumed to be the sum of delays for 
each conflict. In a congested schedule when trains are bunched, the situation often 
occurs where a train must wait at a siding for two opposing trains to cross; and 
 
(e) The models are too complex to be used in an objective function for schedule 
optimisation. 
 
TRAIN SCHEDULING OPTIMISATION 
 
The objective function for the optimisation model used here has two components, namely: the 
train trip times from origin to destination, including any time penalties due to train conflicts; 
and a measure of the reliability of train arrival times. The latter is expressed as the risk of 
delays  to each train, resulting from unexpected events. The remainder of this section sets out 
the form of the optimisation model used. 
 
The set of trains is given by I={1,2,.....,m,m+1,.....,N} for which inbound trains are from 1 to 
m and outbound are from m+1 to N. The ordering of the trains in this set is considered in 
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terms of expected departure times. The variables used in the model are defined in Appendix II 
and described below. 
 
Let:       P P P=  { 1 2, } 
where: 
 
P P1 2=  set of single line tracks,  =  set of double line tracks.  
 
An illustration of the ordering of a single track used for the model is given in Fig. 1, where 
the set of sidings is represented by Q={1,2,....,NS}. 
 
The objective function involving the minimisation of train trip times and risk of delays takes 
the following form: 
 
Min   W X Yi D
i
O
i
i I
i i
(( )−
∈
∑ + PW i *Risk of delay of train i I∈ )   (1) 
 
where:  
 
W i  is the priority of train i I∈ ; X Di i  is the actual arrival time of train i I∈  at its destination 
station; YO
i
i
 is the planned departure time of train i I∈  from its origin station; and PW i  is the 
importance of risk of delay relative to conflict delay for train i I∈ . 
 
The model is subject to the following constraints: 
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(1) Conflict Constraints: To ensure that the conflicts are resolved at the sidings and safety 
headways maintained; 
 
(2) Upper Velocity Constraints: To ensure that no train travels along a track segment in a time 
faster than it is capable of; 
 
(3) Schedule Stop Constraints: To ensure that a train stops at a station for a specified 
minimum length of time; and 
 
(4) Earliest Departure Time Constraints: To prevents a train from departing the origin station 
before it is ready or scheduled to. 
 
The model represented by equation 1 and subject to the above constraints, is optimised using 
the branch and bound technique described in detail by Higgins et al. (1995a). 
 
 
CALCULATION OF RISK OF DELAY 
The model dealing with the risk of delay associated with unexpected train related events, such 
as mechanical failures, is described below.  The reader is referred to Higgins et al. (1995b) for 
the detailed mathematical derivation of all risk of delay models. 
 
The following assumptions are made in conjunction with the train related risk of delay model: 
 
(1) A delaying train is a train that breaks down or slows down due to train dependent 
problems and causes delay to other trains;  
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(2) When a delaying train clears the track segment, all trains waiting (which are to travel in 
the same direction) will be given right of way, since they can follow the delaying train on the 
same track segment. In general, the conflict delay will be lower if all trains travelling in the 
same direction as the delaying train go first. 
 
The following information is to be provided by the user: 
 
(a) The initial priority of each train. This may be a function of train type, (e.g. passenger vs. 
freight train); 
 
(b) The distribution of length of source delays caused by unforeseen events and their 
associated probabilities of occurrence, on tracks, at sidings/stations, as well as due to train-
related problems. A different set of distributions and probabilities for each type of source 
delay must be obtained using historical data. 
 
Fig. 2 shows the regions in which trains would be delayed due to a delaying train, where Tq 
(which is the length of period b) is the length of time of source delay (unforeseen event). 
 
If an inbound train (departing station q-1∈Q  and terminating at station q+2∈Q) is to arrive at 
station q+1∈Q , at the time indicated by region a, it will experience a delay of at least the time 
indicated by b, plus the time for the trains in the other direction to clear. If more than one train 
is to arrive at station q+1∈Q  in periods a and b, they will have to wait at stations q+2, 
q+3∈Q  and so on (if there are any outbound trains in region c), since the trains travelling in 
the same direction as the delaying train will clear first (in bulk). Region c represents the trains 
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directly affected by the delaying train (travelling in the same direction). If a second outbound 
train has already departed station q∈Q  when the delaying train stops or slows down, it will 
wait on that track segment until the first train starts moving again. Region d represents 
inbound trains which are not directly affected by the delaying train, but are delayed by the 
clearing outbound trains. Region e represents the set of trains travelling in the same direction 
as the delaying train which are affected by the clearing of trains (in bulk) from regions a and 
b. Region e will only apply if the trains travelling in the opposite direction to the delaying 
train clear first (i.e., no trains in region c). If region e does apply, the delaying train will wait 
at siding q+1∈Q  for the other trains to cross. The estimation of risk of delay due to track or 
terminal related unforeseen events are also based on the principles of these delay regions. 
 
The delay that occurs to any train j I∈  contained in any of the defined regions a to e (due to 
a delaying train i I∈ ) takes the following form: 
Delay to train j I∈  =  priority of train j I∈ *(delay due to the delaying train i I∈  - the 
expected amount of time which train j I∈  can recover) 
where: 
Amount of time which train j I∈  can recover = amount of time available to arrive at the 
destination siding at the scheduled time - remaining uninterrupted travel time. 
 
The risk of delay to train j I∈  is:  
    ( delay to train  in regions a to e) * ( , )) +
  delay if train   is the delaying train) * ( , )
all delaying
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all track 
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where: 
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PDi
p  = probability of delay occurring to delaying train i I∈  on track segment p 
f(Tq,Ty) = probability a train of type Ty will suffer a delay of length Tq 
 
SENSITIVITY TESTING 
The significance of using risk of delay (RD) in the objective function is now examined by 
testing the sensitivity of the results to changes in input source delays. The effect of changing 
the importance of RD relative to train trip time is also investigated. This is equivalent to 
changing the emphasis from minimising trip times, to minimising train arrival reliability. As 
defined earlier, source delay is the duration of an unexpected event.  
 
Two test problems were used in the sensitivity analysis. Figs. 3(a) and 3(b) show the 
schedules for the uncongested (example 1) and congested (example 2) test problems 
respectively. Both schedules contain 20 trains and 8 stations. Example 2 is more congested in 
that the departure intervals from the origin station are about two-thirds that of example 1. The 
number of conflicts for example 2 is about double that of example 1. 
 
Source delays are assumed to follow an erlang distribution with a shape parameter of 1, which 
is equivalent to a negative exponential distribution. This distribution is suitable since shorter 
delays are more likely to occur than longer delays. 
 
Increasing Average Source Delay 
The effect of including RD in the objective function was investigated, for different levels of 
source delays. This test was designed to show the significance of including reliability in the 
objective function. The average source delay was modified by changing the rate parameter in 
the erlang distributions, for each of the three source delay types. 
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Fig. 4 shows the decrease in RD of the schedules, when optimised with RD included in the 
objective function, for different levels of source delays. The decrease in RD represents an 
increase in reliability, and is defined as the difference in RD for the whole schedule when the 
latter was optimised with and without RD in the objective function. For example 1, an 
average source delay of 0.2 hours results in a 0.75 hour reduction in RD to the schedule as a 
whole. The corresponding reduction in RD for example 2 is 1.2 hours.  There is a larger 
decrease in RD for example 2, at every level of source delay, because this schedule is more 
congested and hence less able to absorb delays. 
 
As the average source delays increase, the impact of using RD in the objective function 
becomes more significant, mainly for the case of the more congested schedule (example 2). 
Therefore, when such a schedule is optimised without RD in the objective function, a large 
amount of risk of delays, and hence unreliability may result.  
 
Reliability and Train Trip Times 
The use of the model to test the impact of investment strategies or operating practices, on trip 
times and reliability of arrival times, requires the assignment of a relative importance weight 
to the reliability component of the objective function. In practice, such quantification of 
relative weights is difficult to estimate with precision, since it requires quantifying the mode 
choice factors influencing passenger and freight markets. For urban passenger services, the 
relative importance of those factors will vary with time of day, trip purpose, and socio-
economic characteristics of travellers. However, punctuality and arrival time reliability may 
be more important than train trip times for some traveller and freight markets. For these 
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reasons, the sensitivity of the results to changes in the relative importance of reliability, was 
tested using examples 1 and 2.  
 
The schedules were optimised using RD, as well as trip times as part of the objective 
function. The relative importance of the risk component was changed by changing the ratio of 
RD to conflict delay (CD). The schedules in examples 1 and 2 were re-optimised at different 
levels of RD importance. Fig. 5 shows the results obtained in terms of the increase in 
schedule reliability as the relative importance of RD increases. The reliability increase is 
defined as reductions in RD relative to a base case where the importance ratio of RD: CD is 1. 
That is, when there is an equal weight placed on train trip times and reliability of arrival 
times. 
 
As shown in Fig. 5, the decrease in RD is much higher for the congested schedule (example 
2). The above result demonstrates the need to optimise a congested schedule with respect to 
RD, as well as train trip times. 
 
MODEL APPLICATION 
 
The Rail Corridor 
The track corridor used for the application of the model consists of 89km of single line track 
with 14 stations/sidings at which train conflicts can be resolved. On the busiest day of the 
week, over 30 trains are scheduled to travel along this track. There are four different types of 
trains scheduled, namely: heavy freight (HF); fast freight (FF); diesel hauled passenger train 
(P); and fast passenger trains (FP). Each class of train has a different upper achievable 
velocity. One train dispatcher is usually assigned to this section of track for the purposes of 
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dispatching trains. Five weeks of train schedule instances were obtained, with the train 
schedule repeating itself weekly. The busiest day of the week selected contained 31 scheduled 
trains.  
 
A description of each train and the unobstructed track segment travel times for each train 
type, are shown in Tables 1 and 2 respectively. The minimum headway between two trains 
when one is a passenger train is assumed to be 3 minutes. The minimum headway between 
two trains for which neither is a passenger train is assumed to be 5 minutes. In practice, 
passenger trains have the highest priority in a case of conflict, followed by fast freight trains, 
then heavy freight trains. For the purposes of the tests performed here, passenger trains are 
assumed to have four times the priority of heavy freight trains with fast freight trains having 
twice the priority of heavy freight trains. The sensitivity of the results to changes in those 
priority weights was investigated. Generally, the main conclusions from this application are 
independent of train priority settings. 
 
As shown in Table 1, all except three trains travel along the full length of the track corridor. 
This data was extracted from the train schedule which is produced at a train planning level. 
When unforeseen events occur, the train dispatcher adjusts the planned schedule as required. 
This task involves the resolution of train conflicts using manual methods. For the example 
used here, the earliest departure time from the origin station will be the planned departure 
time on the train plan; and the due arrival time at the destination will be the arrival time of the 
train if it was unobstructed in its travel. This allows comparisons to be made between the 
actual schedule and the train schedule generated using optimisation techniques. 
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Source Delay Distributions 
The distributions of source delay have been estimated using the actual schedules for the entire 
five-week period. These distributions are shown in Figure 6 and 7 for passenger and freight 
trains respectively. There were 265 measurements for train/track delay and 261 measurements 
for terminal/station delay. An erlang distribution with shape parameter of 1 (negative 
exponential distribution) was fitted to this data. This shape parameter is used since longer 
delays are less likely to occur than shorter delays. The best fit distribution for each set of data 
is also plotted in Figures 6 and 7. A full description of the statistical tests along with 
sensitivity analysis for the source delay can be found in Higgins (1996). The source delay 
data for passenger trains did not fit the distribution as well as for freight trains. This is mainly 
due to the smaller sample size of delays to passenger trains. There is also a greater chance of 
measurement error due to passenger train delays being shorter than those of freight trains. 
 
The probability of a delay occurring, for each one km of train travel, was estimated from the 
actual train schedules as 0.003 and 0.001 for freight and passenger trains respectively, for 
train/ track related delays. These results were used for both types of delay in the absence of 
sufficient data which is specific to each. Using the same data set, the probability of a 
terminal/station related source delay was found to be 0.48 and 0.35 for freight and passenger 
trains respectively.  Siding/terminal related delays have a probability of 0.004 and 0.002 for 
freight and passenger trains respectively. 
 
Schedule Optimisation 
Table 3 shows the main summary results obtained when the current schedule was optimised 
with and without RD in the objective function. As can be seen from Table 3, there is a 50 
percent increase in the risk of delays when the schedule is optimised for train trip times only. 
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The main difference between the two schedules is that the trains do not travel as close to one 
another in the train schedule optimised with the risk of delays. This spacing out of trains 
results in slightly longer travel times for the risk optimised schedule ( 8 percent increase in 
average train trip times). The optimal train schedules when optimised with and without risk of 
delays are illustrated in Figures 8 and 9 respectively.  
 
Option Testing 
The models described earlier were used to test the effect of changes in the levels of demand 
and supply of track infrastructure in the form of sidings. All options were assessed using an 
objective function which includes the risk of delays. The first test demonstrates the effects of 
two different types of operating changes, namely: increasing demand through additional 
trains; and reducing the number of sidings available for conflict resolution. A two-way effect 
is considered, since the increase in total delay (conflict delay plus risk of delay), with respect 
to increases in the number of trains, depends on the number of sidings. The test was carried 
out by scheduling additional trains at already congested periods of the existing train schedule. 
Three new fast freight trains were added at a time, one for each peak period. The effects of 
adding extra trains and removing sidings simultaneously is demonstrated in Figure 10. The 
results are shown in terms of the increase in average total delay (per train), as a percentage of 
the base problem (defined as 31 trains and 14 stations/sidings). The average total delay 
increases almost linearly with the number of trains. Reducing the number of sidings below 
about 10, caused the total delay to increase significantly. 
 
CONCLUSIONS 
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This paper has briefly described two inter-related models: one which optimises a given 
pattern of train demand operating mainly under single track conditions; and another which 
estimates the likely risk of trains being delayed. The results of the latter model are then used 
to optimise schedules taking into account train trip times, as well as reliability of arrival 
times. Although the models presented here are aimed mainly at train operations over single 
track, the basic principles can be applied to multi-track operations, by modifying the 
reliability estimation procedure and the conflict resolution algorithms. The optimisation 
model was solved using the branch and bound technique. However, the solution is not 
restricted to a specific optimisation or heuristic technique.  
 
Several sensitivity tests performed included investigating the effects of changing the average 
input delay for congested and uncongested train schedules. As expected, a congested schedule 
was found to be more sensitive to change in level of input delay. The results highlight the 
significance of including a measure of timetable reliability, such as risk of delays, in the 
objective function for scheduling optimisation. 
 
The model and solution technique were applied to data from a single track rail corridor. The 
planned schedule chosen was the largest on the rail corridor and the application demonstrated 
that the models can be efficiently applied to large real-life train schedules. Options assessed 
included changes to the number of sidings available for conflict resolution purposes, and 
increases in the number of trains to be scheduled. The results provide a quantified means of 
assessing those options, in terms of change in reliability and average train trip times. The 
models can be used to provide an aid to train dispatchers in resolving train conflicts under 
single track operations; and they can also be used to plan the introduction of new services, by 
allowing estimates to be made of the likely resultant changes in reliability of train arrivals 
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over the entire timetable. The likely impact of track, train and station/terminal investment, on 
train trip times and arrival reliability can be estimated by optimising a given schedule with 
and without the investment under study.  
 
Another area where the estimation of risk of delays and its subsequent use in the optimisation 
of schedules can be applied in practice is in the estimation of track access charges. This is 
particularly significant in a vertically separated rail regime, where train operators are 
competing with each other for access to track which may be owned and controlled by a 
separate entity. In such an operating environment, both the track access entity and the 
operators have a major interest in quantifying the risk associated with a specific schedule, or 
with the introduction of train services at certain designated times. The additional costs which 
may result from track usage at peak times, can be both quantified and minimised with the 
models presented here. Currently, track access charges relate mainly to track damage costs. 
However, if the introduction of additional services has an impact on the arrival reliability of 
existing services, such effects need to be quantified and the associated costs recovered from 
train operators.  
 
The research outlined here is continuing along two main directions, namely: the extension of 
the risk of delay model to the multiple track environment of urban rail transit lines; and the 
potential use of the same risk of delay minimisation methodology to a rail network system 
consisting of  single and multiple track links, as well as junction nodes where such links may 
converge or diverge.  
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APPENDIX II.  NOTATION 
 
d p Pp  =  length of segment ∈  
D i Ii  =  destination station of train ∈  
f(Tq,Ty) = probability a train of type Ty will suffer a delay of length Tq 
O i Ii =  origin station of train ∈  
PW i = priority weight of risk of delay relative to conflict delay for train i I∈  
PDi
p  = probability of delay occurring to delaying train i I∈  on track segment p 
W i Ii  =  priority of train  (highest for passenger trains)∈  
X i Ii Di  =  arrival time of train  at its destination station  ∈  
Y i Ii Oi  =  earliest departure time of train  from its origin station∈  
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Table 3: Optimal Schedule Comparisons: with and without risk of delay 
 
 Optimal Schedule (hrs) 
RD Type without RD with RD 
Train 9.0 6.1 
Track 2.9 1.8 
Terminal 12.1 8.2 
Total RD 24.0 16.1 
Total Trip Time 2.6 2.8 
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Fig. 2:  Delay regions for risk of delay estimation 
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Fig 4: . Maximising reliability: source delay effects 
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Fig 5: Effect of risk of delay importance 
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Fig 6: Source delay distributions: passenger trains 
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Fig 7: Source delay distributions: freight trains 
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Fig 10: Option testing: removing sidings/adding trains 
